Abstract
Introduction

53
Viviparity -the process of internal fertilization of an egg, development in a parental 54 reproductive system (usually maternal), and live birth -has evolved independently in 55 diverse vertebrate groups 1,2 . It is rare in teleosts, ray-finned fishes, where only 500 out 56 of 30,000 species employ this life-history strategy while the remaining species are egg-57 laying (oviparous) 3 . Viviparity has been reported in five teleost orders (Lophiiformes, 58
Beloniformes, Cyprinodontiformes, Scorpaeniformes, and Perciformes) 4, 5 . Previous 59 studies in fish focused on species of the Poeciliidae family within Cyprinodontiformes Black rockfish (Sebastes schlegelii; hereafter denoted 'rockfish') ( Fig. 1a) has evolved 67 viviparity. Previous reports on its reproduction process [10] [11] [12] lay an extensive 68 understanding of viviparity. Yet the associated genetic mechanism remains unexplored. 69 We report here a first chromosome-level whole-genome assembly for rockfish and the 70 dissection of rockfish reproduction -from mating to hatching -by integrating RNA-71 seq and ATAC-seq data, in situ hybridization (ISH), and immunofluorescence. From 72 this dataset, we were able to identify crucial genes and gene families related to 73 viviparity, especially in the stages sperm storage, pre-fertilization and hatching -74 providing an unprecedented genome-wide view of an unusual reproductive mode in 75 teleost fishes. 76
Results
78
Rockfish genome assembly and annotation
79
A critical first step in our effort to understand rockfish reproduction is the generation 80 of an underlying high-quality genome assembly. We assembled the genome of a male 81 rockfish (2n=48) by combining 57.3 Gb (~66×, genome estimation 868Mb based on k-82 mer analysis; Fig. S1 , Tables S1) long PacBio reads and 114.6 Gb (~132×) short 83 BGISEQ-500 reads (Methods, Tables S2). The genome assembly was 811 Mb, with a 84 contig N50 size of 3.85 Mb (Table S3) . We anchored ~99.86% of the assembled 85 sequences onto 24 chromosomes using Hi-C (high-through chromosome conformation 86 capture) data (Fig. S2 , Table S4 ). Finally, we identified a 35.4% repeat content (Fig.  87 S3, Table S5 ) and 24,094 protein-coding genes in the genome (Table S6 ). The structure 88 of rockfish genes is similar to proximal species (Fig. S4 , Table S7 ) and 99.71% genes 89 could be annotated by a least one public database (Fig. S5 , Table S8 ). To evaluate 90 genome assembly quality, we first mapped short reads back to the final assembly, 91 revealing a 98.13% mapping rate (Table S9) . Using BUSCO (Benchmarking Universal 92
Single-Copy Orthologues) 13 , we estimated the coverage of core vertebrate genes to be 93 93.9% and 94.4% in the assembly and gene set, respectively (Table S10) . Furthermore, 94
we found a good collinearity between rockfish and medaka genomes (Fig. 1b) , with the 95 exception of rockfish chromosomes 4 and 22. Each of them aligned to two medaka 96 chromosomes (Fig. 1c) , indicative of chromosome fusions. These assessments reflect 97 the high quality of our rockfish genome assembly. Based on 1761 single-copy orthologs, 98
we constructed a phylogenetic tree of rockfish and 15 other fish species. The tree 99 suggests that rockfish (order Scorpaeniformes; a viviparous species with female 100 parental care) and three-spined stickleback (order Gasterosteiformes; an egg-laying 101 species with male parental care) diverged from a common ancestor approximately 84.9 102 Mya (Fig. S6) , which corresponds to the Cretaceous period. (Fig. 1d) . Copulation occurs in 119
November and December, while fertilization occurs approximately six months later, in 120
April. The sperm storage stage is crucial, allowing maternal preparation for embryo 121 development and hatching. In viviparous teleost fishes the ovary acts as both the source 122 of eggs and the site in which eggs and embryos develop. After fertilization, the embryos 123 develop in the ovary until hatching. Organogenesis completes within one day and is 124 followed by about 50 days of gestation, when the offspring need to receive nutrition 125 from the mother 14 . 126
The transcriptional program from mating to birth is highly stage-and cell/tissue-127 specific. We generated the transcriptomes of 21 adult tissues (Table S11 ) and carried 128 out weighted gene co-expression network analysis (WGCNA) 15 to identify genes 129 expressed in concert in particular tissue(s) (termed modules) (Fig. 2a) . Of 28 modules, 130 two significantly correlated (P < 0.01) with a single sample type: TM08 with the oocyte 131 and TM07 with the ovarian wall. Moreover, the expression of the genes within these 132 modules were high in their correlating tissue. We further looked into functions of the 133 genes in the two modules. Genes in TM07 are associated with processes likely 134 important for maternal preparation for embryo implantation (Table S12) . These include 135 cell adhesion (collagen), blood vessel formation (sox7, nln, vash1, and angpt2b), 136 response to blood vessel expansion and contraction (ednrb), guanytate cyclase activity 137 (gucy1a2, gucy2f), NO-sGc-cGMP biosynthesis (gucy1a2), and extracellular calcium-138 sensing (casr). Other interesting genes in TM07 include a homolog to the oxygen-139 binding protein neuroglobin (ngb) 16, 17 , and genes associated with trophoblast invasion 140 into the maternal decidua (htra3) 18 and smooth muscle development (col12a1b and 141
trpc4a)
19 . These genes are related to early-stage embryo development in mammals; 142 especially the NO/cGMP signalling pathway which plays an essential role ininsemination, pregnancy, and birth [20] [21] [22] [23] . These data suggest that maternal preparation of 144 the ovarian wall is critical for rockfish viviparity. 145
We next obtained the transcriptomes of the pre-mating, post-mating, and pre-146 fertilization ovary; as well as the later 1-cell, 32-cell, blastula, and gastrula stage 147 embryos (Table S13, Fig. 1d ). In total, we sequenced 21 biological samples and carried 148 out WGCNA (Fig. 2b) . We identified more co-expressed genes in the pre-fertilization 149 ovary (2,765 genes in SM16 and SM19) and gastrula embryos (4,998 genes in SM05 150 and SM31) compared to the post-mating ovary (141 genes in SM13) and the 32-cell 151 (611 genes in SM28) and blastula embryos (343 genes in SM38). We did not detect any 152 co-expressed modules in the pre-mating ovary and 1-cell embryo, indicating that these 153 are relatively transcriptionally 'dormant' periods, whereas the pre-fertilization ovary 154 and the gastrula embryos are more 'active'. Furthermore, we identified a module (3,128 155 genes in SM20) with a large number of genes co-expressed by the ovary before 156 fertilization (pre-mating, post-mating, and pre-fertilization). These genes were 157 significantly enriched for several gene families (P-value < 0.05, Table 1, Table S14) before fertilization, while their expression after fertilization is relatively low (Fig. 3b,  197 Table S17). We hypothesize that ZP proteins retain sperm after mating and that sperm 198 is released for fertilization upon ZP protein degradation. To strengthen our hypothesis 199 we performed chromatin accessibility profiling (ATAC-seq) during post-mating, pre-200 fertilization, and gastrula (Fig. S8) . Consistently, a distinct difference in open 201 chromatin regions adjacent to 12 ZP genes could be observed between maternal 202 preparation (post-mating and pre-fertilization) and the gastrula stage (Fig. 3c, Fig. S9 ). 203 patristacin/astacin, and nephrosin (Fig. 4a) . We identified 26 astacin family genes, with 223 two expanded subfamilies of hatching enzyme and HCE1-like in rockfish (Table S18 , 224 S19). These are distinct to the patristacin/astacin subfamily expansion in seahorse 225 which play a role in brood pouch development and/or hatching of embryos within the 226 brood pouch prior to parturition 32 . To examine the expression patterns of rockfish 227 astacin genes we performed qRT-PCR of five time-points: pre-mating, post-mating, 228 pre-fertilization, gastrula, and pre-hatching. Two of twelve HCE1-like genes 229 (Ssc_10005765 and Ssc_10001812) were highly expressed pre-fertilization, while two 230 of the eight hatching enzyme genes (Ssc_10008384 and Ssc_10021724) were highly 231 expressed pre-hatching (Fig. 4b) . Thus, we propose that astacin family members play 232 distinct roles in rockfish viviparity. HCE1-like proteins play a role in releasing 233 spermatozoa from the zona pellucida at the pre-fertilization stage, while hatching 234 enzymes are responsible for freeing the embryo from the chorion at the pre-hatching 235 stage. 236 In this study, we present a high-quality genome assembly of the rockfish Sebastes 246 schlegelii, a viviparous fish in the teleost order Scorpaeniformes. We generated 247 transcriptomes of different tissues and different developmental time points, to reveal 248 gene expression patterns related to viviparity. The reproduction of viviparous rockfish 249 is well-established, however the genetic changes associated with the long period 250 between copulation and fertilization (six months, including maternal preparation and 251 sperm storage), embryo development, and hatching has hitherto remained unknown. 252
We found that ZP proteins and HCE-1 like proteins likely play important roles during 253 sperm storage and release, respectively (Fig. 5) . We propose that ZP proteins retain and 254 stabilize sperm in lamellae epithelium prior to fertilization -a six-month period in 255 rockfish. In contrast, HCE1-like proteins digest the zona pellucida and contribute to 256 sperm release. In the maternal preparation stage, the preparation for 'embryo 257 implantation', we found expression of genes related to cell adhesion, trophoblast 258 invasion, calcium-sensing receptors, the NO-sGc-cGMP signaling pathway, and blood 259 vessel function. Significant differences in the internal circulation system of fish 260 embryos has previously been reported 33 , believed to due to the high demand for oxygen 261 associated with parental care. In rockfish we not only observed high expression of 262 vasodilatation and angiogenesis-related genes, but also genes associated with the 263 growth of blood vessels in the ovarian wall during reproduction. For example, a 264 homolog of the oxygen-binding neuroglobin was highly expressed by the ovarian wall. 265
In mammals, the function of the uterus is to transfer oxygen and nutrients to the growing 266 embryo. The chemical messenger nitric oxide (NO) is a key regulator of fetoplacental 267 circulation in mammals 23 and also induces oocyte maturation in the zebrafish via the 268 NO-sGc-cGMP pathway 20 . In the rockfish ovarian wall we observed high expression 269 of nitric oxide synthase 1 adaptor protein (nos1ap; also known as CAPON), a regulator 270 of NO bioavailability 34 . Rockfish embryos not only receive parental care, but also 271 parental nutrition 14 . We provide evidence, at the transcriptome level, for maternal 272 preparation for embryo implantation and the formation of an interface between mother 273 and offspring (embryo). We hypothesize that the ovarian wall of the rockfish functions 274 similar to the mammalian uterus. 275
In conclusion, we have generated and analysed a high-quality genomic data set for 276 black rockfish to generate a model of its reproduction -the first such model of fish 277 viviparity. This model, along with the candidate genes identified in our study, will The black rockfish genome was assembled using CANU v1.2 software 35 with the 306 parameters 'MhapSensitivity=high corMinCoverage=0 minReadLength=500 307 genomeSize=868m errorRate=0.04' in three steps: correct, trim, and assemble. Though 308 the assembly had been corrected by CANU, a strict error-correcting procedure was 309 performed: firstly, the draft genome was corrected using PacBio long reads, secondly,the assembly was further corrected using Pilon v1.22 36 and 98.1G (114.6X) WGS short 311 reads. 312 To generate a chromosomal-level assembly of the genome, we took advantage of 313 sequencing data from a Hi-C library 37 . We performed quality control of Hi-C raw data 314 using HiC-Pro (v2.8.0) 38 . We used bowtie2 (v2.2.5) 39 to compare raw reads to the draft 315 assembled genome, filtering out low-quality reads to build raw inter/intra-chromosomal 316 contact maps. Our final data set was 41.75 Gb (48.1×), accounting for 54.59% of the 317 total Hi-C sequencing data. We next used Juicer (v1.5) 40 , an open-source tool to analyse 318
Hi-C datasets, and a 3D de novo assembly (3d-dna, v170123) pipeline to scaffold 319 spotted rockfish genome to chromosomes. We further conducted whole-genome 320 alignment between the rockfish genome and the published medaka genome using 321 LASTZ (v1.10) 41 to compare consistency between these two genomes. 322
323
Completeness assessment of genome assemblies In homology-based method, we used the Repbase database
